Background: Postmarketing commitments are clinical studies that pharmaceutical companies agree to conduct at the time of FDA approval, but which are not required by statute or regulation. As FDA increasingly adopts a lifecycle evaluation process, greater emphasis will be placed on postmarket evidence as a component of therapeutic evaluation. Therefore, the objectives of this study were to determine how often postmarketing commitments agreed upon by pharmaceutical companies at first FDA approval lead to new clinical trials and to establish the characteristics and rates of completion and dissemination of postmarketing commitments.
Background
Under the US Food and Drug Administration's (FDA) lifecycle evaluation process, it is assumed that the benefit-risk balance of drugs and biologics will continue to be monitored after approval [1, 2] . Although FDA currently has four authorities that can be used to require New Drug Application (NDA) sponsors (generally pharmaceutical companies) to conduct studies in the postmarket setting (i.e., "postmarketing requirements," Additional file 1: Box S1, [3, 4] ), additional clinical evidence that may not be generated through specific postmarketing requirements, including long-term drug effectiveness, duration of response, or efficacy in subgroup data, can be generated through "postmarketing commitments," which are "studies or clinical trials that a sponsor has agreed to conduct, but that are not required by a statute or regulation" [4] .
Prior to 2008, the term "postmarketing commitment" referred to all required, agreed-upon, or voluntary studies conducted by pharmaceutical companies after FDA drug approval (Additional file 1: Box S1) [4] . Although FDA had the authority to require certain studies after approval, approximately 90% of all postmarketing studies between 1990 and 2004 were agreed-upon commitments [5] . However, once the FDA Amendments Act (FDAAA) went into effect on March 25, 2008 , FDA began to distinguish between legally required studies and clinical trials (i.e., postmarketing requirements) and those that pharmaceutical companies agree to conduct but are not required (i.e., postmarketing commitments). While postmarketing commitments are not formally mandated by FDA, certain postmarketing commitments are subject to reporting requirements. In particular, the Food and Drug Administration Modernization Act of 1997, which added section 506B ("506B studies") to the Federal Food, Drug, and Cosmetic Act, requires drug manufacturers to provide the FDA with annual reports on the status of "clinical safety, clinical efficacy, clinical pharmacology, or nonclinical toxicology" postmarketing commitment studies [6] . Furthermore, FDA must publicly report on the status of these 506B postmarketing commitment studies [6] . However, according to 21 Code of Federal Regulations (CFR) 314.81(b)(2)(vii), and CFR 601.70, manufacturers of drugs, but not biologics, are required to report to the FDA for voluntary, chemistry, manufacturing, and controls, and product stability non-506B studies [3, 6] (Additional file 1: Box S2).
Prior studies have focused exclusively on the characteristics [7] , completion [8, 9] , and dissemination of postmarketing requirements [7, 10, 11] . For instance, among the 110 new drugs and biologics approved by FDA between 2009 and 2012, 97 (88.2%) had at least one postmarketing requirement at the time of approval ( Fig. 1) [7] . Of the 437 total postmarketing requirements, 110 were for new clinical trials, which were often briefly described and were not consistently registered on ClinicalTrials.gov with reported results [7] . According to FDA, an average of 58 postmarketing commitments have been agreed upon per year since 2011 [12] . While this is significantly lower than the 264 postmarketing requirements per year, postmarketing commitments consistently made up approximately 19% of all commitments and requirements in 2015-2017 [12] . Therefore, postmarketing commitments may be a potentially important source of information about drug and biologic safety and effectiveness after market approval. In this study, we characterized the postmarketing commitments for all novel drugs and biologics approved between 2009 and 2012 using publicly available data sources, including their status and study characteristics, and for clinical trial postmarketing commitments, the rates and timeliness of registration and results reporting on ClinicalTrials.gov, and publication in peer-reviewed journals.
Methods

Study design and sample
As in prior work focused on postmarketing requirements [7] , we used the publicly available Drugs@FDA database to identify and categorize all novel drug and biologic license applications (excluding generic drugs, reformulations, and combination therapies of non-novel therapeutic agents) first approved between January 1, 2009, and December 31, 2012 [13, 14] . As previously described [13] , we characterized each new drug and biologic by date of approval, as a pharmacologic entity (small molecule) or biologic, and by orphan status. We then determined the first-approved indication for each new drug and biologic and whether applications were designated by FDA for priority review status [15] . The World Health Organization's anatomic therapeutic classification system was used to categorize and group each indication into one of eight therapeutic areas [16] .
Identifying postmarketing commitments and postmarketing commitment features
One author (ATL) identified all postmarketing commitments and dates that the FDA sets for important milestones (i.e., final protocol submission, trial completion, and final report submission), which are outlined in the approval letters hyperlinked in the Drugs@FDA database (June 2018). These letters include a brief description of the study type and outline whether commitments are subject to certain reporting requirements (Additional file 1: Box S2). We then classified each postmarketing commitment into one of four study categories about the type of study required (Additional file 1: Box S3), calculated the length of each postmarketing commitment study description (word count), and abstracted key study design characteristics using a previously described approach [7] .
Status of postmarket studies
We used Postmarketing Study and Clinical Trial Requirements and Commitments Database Files to determine the status (i.e., Pending, Ongoing, Delayed, Terminated, Submitted, Fulfilled, or Released. Additional file 1: Box S4) of commitments specifically classified as subject to reporting requirements under 506B [17] . We downloaded the most recent Postmarketing Study and Clinical Trial Requirements and Commitments Database File on August 2, 2018 (representing data updated by FDA as of July 24, 2018) . However, postmarketing commitments with Fulfilled and Released statuses are only displayed on the FDA's online database for 1 year after the date of fulfillment or release. Therefore, previous Postmarketing Study and Clinical Trial Requirements and Commitments Database Files were located using the FDA.gov Archive. Studies were classified as not having a recent (i.e., up-to-date) or closed (i.e., Fulfilled or Released) status if we were unable to locate a database file outlining that they had been Released or Fulfilled. For these studies, we recorded (1) the most recent status that we could determine from FDA's available archived files (e.g., Delayed) and (2) the date of the archived databases for each postmarketing commitment (e.g., October 31, 2010), as previously described [7] . We then performed additional Google searches using the terms "postmarketing requirement," "postmarketing commitment," "PMR," or "PMC" in combination with the pharmaceutical company or drug brand name to determine whether pharmaceutical companies were publicly sharing their own information about postmarketing commitments (e.g., "Pfizer PMC" or "Pfizer postmarketing commitment"). For each Google search, we screened the first 100 results. Lastly, we reviewed all supplemental letters on the Drugs@FDA database to determine whether they included information regarding the fulfillment of postmarketing commitments. Abstractions were performed by one reviewer (ATL) in June and July 2018, and consistency and accuracy were verified by a second reviewer (JDW).
Trial registration and results reporting on ClinicalTrials.gov and peer-reviewed publication For all new clinical trials and all commitments that call for the completion and submission of the results from "ongoing" clinical trials (Additional file 1: Box S3), we determined study registration and results reporting on ClinicalTrials.gov (June and July 2018), as previously described [7] . If identified, for each registered clinical trial, one reviewer (JDW) abstracted study characteristics from the ClinicalTrials.gov registration. The primary outcome providing the highest level of evidence was recorded. For instance, for trials with multiple primary efficacy outcomes, we considered clinical outcomes the highest level, followed by clinical scales and surrogate markers [18] . A third reviewer (SSD) repeated all searches for trials that were determined to be unregistered, and uncertainties were discussed with the senior investigator (JSR).
For all clinical trials with a Completed or Terminated status on ClinicalTrials.gov for which results reporting would be expected, we abstracted whether any study results were reported and/or corresponding articles were published. For Completed or Terminated trials without reported results, we determined whether the date of final data collection for the prespecified primary outcome measure(s) (primary completion date) was within 12 months of the follow-up date (July 2018). According to the Final Rule for Clinical Trials Registration and Results Information Submission ("Final Rule"), submission of final results information is required "not later than 1 year after the completion date" [19] . For all clinical trials without publications listed on ClinicalTrials.gov and all unregistered clinical trials classified as Submitted, Fulfilled, Released, or unclear (i.e., no status available) according to FDA or pharmaceutical company data, one reviewer (JDW) used a systematic two-step search strategy to locate publications (Google, Scopus (Elsevier), and PubMed) (June and July 2018), as has been done in prior research [7, 20] . A third reviewer (SSD) repeated all searches for postmarketing commitments that were determined to be unpublished.
Statistical analysis
We used descriptive statistics to characterize the new drugs and biologics and postmarketing commitments. Analyses were performed using R (version 3.2.3; The R Project for Statistical Computing). (Table 3) . Of these, 10 (62.5%) were randomized, 6 (37.5%) were double or triple blind, 6 (37.5%) were placebo controlled, and 4 (25.0%) had an active comparator ( Table 4 ). The majority of the trials (10, 62.5%) focused on surrogate outcomes. According to the ClinicalTrials.gov registrations, median study duration and estimated sample size were 5.6 months (IQR, 5.2 to 12.6) and 237 patients (IQR, 373 to 744), respectively.
Results
Characteristics
Results reporting and publication of clinical trials
Of the 23 postmarketing commitments for new trials classified as Completed or Terminated according to ClinicalTrials.gov, 22 (95.7%) had reported results (Table 3) . Among the 29 registered or unregistered studies for which publication would be expected based on the most recent status provided by the FDA, pharmaceutical companies, 
Discussion
Just over half of the new drugs and biologics approved by the FDA between 2009 and 2012 had at least one postmarketing commitment outlined at the time of approval. These studies, which pharmaceutical companies agree to conduct, are not required by a statute or regulations, but may be a potentially important source of information about drug safety and effectiveness after market approval. However, the vast majority were not human subject research intended to gather additional information about the safety, efficacy, or optimal use of drugs and biologics in patients and were instead focused on product quality control, an important component of safety. Only 15% were clinical studies, less than one in ten new clinical trials. While these trials were nearly always registered with reported results on ClinicalTrials.-gov, approximately one half had not yet been published in peer-reviewed journals and the vast majority reported results on ClinicalTrials.gov after FDA scheduled submission deadlines. Postmarketing commitments may offer an opportunity for FDA to work with pharmaceutical companies to generate important information about recently approved drugs and biologics after market approval.
Prior to FDAAA in 2007, when the term "postmarketing commitment" referred to all required, agreed-upon, and voluntary studies conducted by pharmaceutical companies after FDA drug approval, 74% of commitments were classified as clinical studies [5] . However, since 2008, FDA has distinguished between legally required studies and clinical trials (postmarketing requirements) and studies that "would not meet the statutory purposes" for postmarketing requirements (postmarketing commitments) [3] . Therefore, the low proportion of clinical trials identified as postmarketing commitments in our sample may not be surprising, considering that confirmatory, safety, and pediatric clinical trials can be formally required by FDA under the accelerated approval, FDAAA, and PREA postmarketing requirement authorities [7, 11] , which were enacted in 1992, 2008, and 2003, respectively. According to a previous evaluation, approximately one quarter of postmarketing requirements for new drugs and biologics approved between 2009 and 2012 were for new clinical trials [7] . During this same time period, we found that 15% of postmarketing commitments were for clinical trials. Overall, the characteristics of the drugs and biologics with postmarketing commitments are similar to those previously observed among drugs and biologics with postmarketing requirements [7] . This likely reflects the fact that nearly one half of the new drugs and biologics approved between 2009 and 2012 had at least one postmarketing requirement and commitment. Furthermore, less than 5% had at least one postmarketing commitment and no requirements. Additional research is necessary to fully compare the characteristics of drugs and biologics with and without requirements or commitments and to establish the evidence gaps filled by postmarketing commitment studies.
Using the most recent FDA's Postmarketing Study and Clinical Trial Requirements Database File and a limited number of archived databases (2009, 2010, 2011, 2016, 2017) , we were unable to identify a recent (i.e., up-to-date) or closed (i.e., Fulfilled or Released) status for just under half of the postmarketing commitments for clinical trials subject to FDA reporting requirements under 506B. Pharmaceutical companies are required to provide the FDA with annual status reports for 506B studies of certain agreed-upon commitments, and FDA must publish annually in the Federal Register a report on the status of these postmarketing study commitments. While the Federal Register provides summary-level data, the FDA Postmarketing Study and Clinical Trial Requirements Database File outlines the individual postmarketing commitment or requirement statuses. These findings are consistent with a previous study suggesting that postmarketing requirements often lack a publicly available up-to-date status [7] . We also found that the rates of registration (90.3%) and results reporting (95.7%) on ClinicalTrials.gov among postmarketing commitment clinical trials were promising, which was similar to what has been previously observed among postmarketing requirements [7] . However, less than 50% of the completed clinical trials were published in a peer-reviewed journal, which suggests that the results from postmarketing commitment clinical trials may not be widely disseminated to clinical audiences, who often rely on the evidence reported in peer-reviewed publications. The low publication rate further highlights the importance of ClinicalTrials.gov as a potential source of clinical trial evidence.
Over 80% of the postmarketing commitments for new clinical trials reported results on ClinicalTrials.gov after FDA scheduled submission deadlines, which is higher than what has been previously observed among postmarketing requirements (68.1%) [7] . While FDA and pharmaceutical companies can revise the milestones outlined in the initial approval letters, these findings indicate that there are delays in study conduct, completion, and reporting, which may lead to gaps in the understanding of drug and biologic safety and effectiveness.
Prior studies have focused exclusively on the purposes and transparency of postmarketing requirements [7, [21] [22] [23] [24] . Although postmarketing commitments are primarily for non-clinical studies, our work suggests that some commitments also generate clinical evidence. In order to further support FDA's lifecycle evaluation process, FDA and pharmaceutical companies should continue to work closely to identify new clinical studies or other studies already being conducted, beyond the confirmatory and safety postmarketing requirement that can be required by FDA. However, greater transparency will be necessary to ensure that data from postmarketing commitments are able to inform care. For instance, longer and more detailed study descriptions will allow for the identification of specific study design characteristics, including endpoints, which are necessary to inform clinical practice, as well as more detailed explanations about the potential long-term knowledge gaps that are addressed. Furthermore, FDA could consider expanding its recent plans to add ClinicalTrials.-gov identifiers to materials for future drug approvals [25, 26] to include postmarketing commitments, especially for those describing ongoing studies with trial identifiers. Similarly, ClinicalTrials.gov could include a variable specifying whether certain trials are postmarketing requirements or commitments. This will allow patients, clinicians, and researchers to locate and identify potential postmarketing studies and their results. In order to ensure that postmarketing commitment statuses are publicly identifiable, the FDA should keep all Fulfilled and Released 506B commitments on the Postmarketing Study and Clinical Trial Requirements Database, instead of removing them after 1 year of fulfillment or completion. Although postmarketing commitment trials were often registered with reported results, pharmaceutical companies can play a key role in promoting the dissemination of postmarket evidence by ensuring that the results of all agreed-upon clinical trials are published in peer-reviewed journals. Lastly, given the low publication rates, the FDA should make medical and/or summary reviews of postmarketing commitments and requirements publicly available, particularly for clinical trials. The FDA already releases this information for the clinical trials that are used to support the first approval of a new drug or biologic (i.e., pivotal trials).
Limitations of this study
This study has some limitations. First, by limiting our study to new approvals between 2009 and 2012, we did not identify and classify all postmarketing commitments issued after FDAAA. By focusing on this time period, we were able to follow postmarketing commitments for at least 6 years for completion, result reporting, and publication of postmarketing commitments. However, it is possible that certain studies with durations longer than 6 years may not have had results reported or corresponding publications by the final follow-up of our study. In our sample, the median study duration among clinical trials was 1.6 months, and only one quarter of clinical trials had durations longer than 12 months. Therefore, we are reassured that our study allowed for an adequate amount of follow-up time for studies to be completed, reported, and published. However, it is possible that the unpublished studies had longer durations. Second, as previously discussed, our study was designed to rely on publicly available data sources, which made determining study design characteristics, ClinicalTrials.-gov registrations, and corresponding publications difficult in some cases [7] . Although we attempted to be comprehensive by using numerous public data sources, we were unable to locate an up-to-date or closed status for nearly half of the commitments. While it is possible that a number of commitments classified as "unclear" are actually Fulfilled and Released commitments, which are only displayed on the FDA's online database for 1 year after the date of fulfillment or release, our findings are a reflection of what information is made publicly available. Lastly, we used the milestone dates (e.g., postmarketing commitment protocol submission and study completion dates) outlined in the initial FDA approval letters. However, these dates can be changed, and pharmaceutical companies can submit revised schedules. The statuses provided in FDA's Postmarketing Study and Clinical Trial Requirements Data Files do not always reflect the revisions and may have been established using the original study schedule [27] . Overall, the absence of an up-to-date status or milestone date could reflect a failure to report to the FDA by pharmaceutical companies, or FDA's failure to review or update information in a timely manner.
Conclusions
Among 331 postmarketing commitments outlined in approval letters for new drugs and biologics, the vast majority were for chemistry, manufacturing, controls, and other non-clinical studies. Only 15% of postmarketing commitments were new or ongoing clinical trials. While nearly half of postmarketing commitments subject to mandatory reporting requirements under Section 506B did not have a clear up-to-date progress reported publicly in FDA sources, the majority of clinical trials were registered on ClinicalTrials.gov with reported results. However, only half of the clinical trials had corresponding publications in peer-reviewed journals. Opportunities may exist for FDA and pharmaceutical companies to work together to identify additional postmarketing commitments that support FDA's lifecycle evaluation process by generating information about the safety, efficacy, or optimal use of drugs and biologics in patients. Additional postmarketing commitments for clinical trials can help generate data that ensures that patients and physicians have better information to guide clinical decisions, beyond addressing issues typically examined by postmarketing requirements. 
